Animal mitochondrial DNA (mtDNA) is predominantly inherited maternally. Various mechanisms to avoid the transmission of paternal mtDNA to offspring have been proposed, including the dilution of paternal mtDNA by maternal mtDNA in the zygote. The effectiveness of dilution as a barrier will be determined by the number of mtDNA molecules contributed by each parental gamete, and is expected to be highly variable among different taxa due to interspecific differences in mating systems and gamete investment. Estimates of this ratio are currently limited to few mammalian species, and data from other taxa are therefore needed to better understand the mechanisms of mitochondrial inheritance. The present study estimates mtDNA content in salmon sperm, the first nonmammalian vertebrate to be examined. Although highly divergent, it appears that the mtDNA content may be conserved within vertebrate taxa, indicating that the reduction of mtDNA is a key factor of spermatogenesis to ensure mitochondrial functionality on the one hand, and to avoid paternal leakage at a significant or detectable level on the other hand. We employ quantitative real-time PCR (Q-PCR) and demonstrate the accuracy and high reproducibility of our experiments. Furthermore, we compare and evaluate two standard approaches used for the quantification of genes, Q-PCR and blotting methods, in regard to their utility in the accurate quantification of mitochondrial genes.
INTRODUCTION
Animal mitochondrial DNA (mtDNA) is a circular, doublestranded molecule normally varying between 15 and 20 kb in length. It generally encodes 22 transfer RNAs, 2 ribosomal RNAs, and 13 subunits of the oxidative phosphorylation system, and is highly conserved in animals [1] [2] [3] [4] . The laws for the inheritance of the mitochondrial genome differ from those revealed for nuclear genes. Intergenerational transmission follows non-Mendelian rules, and replication of the mitochondrial genome occurs independently from the cell cycle [5] , with mtDNA typically assumed to be inherited exclusively through the maternal line. Paternal transmission of mtDNA (hereafter, paternal leakage) and recombination of mtDNA are considered to be absent, or at most, rare occurrences in animals [6] [7] [8] [9] .
Why mtDNA follows a maternal mode of transmission is the subject of speculation. A favored hypothesis follows from observations that mutational damage caused by free radicals can reduce mitochondrial activity [10, 11] . Therefore, in systems revealing oogamy, where nonmotile eggs are fertilized by motile sperm cells, the inheritance of maternal mtDNA might be favored over paternal mtDNA, which potentially accumulates mutations during the time of oxidative activity required to reach the egg, whereas the oocyte's mtDNA should be still in a relatively pristine state [12] . An alternative explanation is that the exclusion of paternal mitochondria may reduce the influence of ''selfish'' mitochondria. If mitochondria were inherited from both parents, zygotes would contain two kinds of mitochondria (paternal and maternal) with genetically distinct mtDNA haplotypes. If one haploptype increases its own rate of replication, but is associated, for example, with reduced metabolic activity, its frequency will nonetheless increase and potentially decrease both individual and population fitness [13, 14] . As mentioned, biparental inheritance of mtDNA molecules could lead to such a scenario, but, as this is maladaptive from the perspective of the nuclear genome, longterm persistence of two mitochondrial types in the same cell should be rare, with uniparental inheritance highly favored.
Recent studies, however, challenge the dogma surrounding mitochondrial inheritance with accumulating evidence for paternal leakage in a wide range of animal species (summarized in [15] ). The mechanisms by which paternal leakage is prevented vary in a species-specific manner [6] . These mechanisms include active ubiquitination and subsequent destruction of sperm mitochondria [16, 17] , the exclusion of sperm mitochondria from the oocyte [18] , or the presence of a genetic bottleneck eliminating rare haplotypes, such as paternally transmitted mtDNA [19] . However, one mechanism seems to apply to most animal species: paternal mtDNA is assumed to be vastly outnumbered by maternal mtDNA upon fertilization [9, 20] .
To describe this dilution effect and the ratio of paternal-tomaternal mtDNA in zygotes, the quantification of mtDNA per gamete has become the subject of interest. The few reports available to date document widely varying estimates and are limited to few mammalian species. In four separate studies, mtDNA content of human sperm was found to be 1.4, 6.8, 1000, and 1500 molecules per sperm [21] [22] [23] [24] , and the mtDNA content per mouse sperm was estimated at 10 and 75 molecules [25, 26] in two further studies. Mammalian oocytes instead contain between 0.5 3 10 5 and 1.5 3 10 6 copies of the mitochondrial genome [27] , leading to ratios of roughly 1:10 3 to 1:10 6 paternal-to-maternal mtDNA molecules in fertilized zygotes.
The present study estimates mtDNA content in salmon sperm, the first nonmammalian vertebrate to be examined, to work toward the description of the maternal:paternal mtDNA ratio in a fertilization system completely different from that of mammals [28] . The majority of teleosts release gametes during spawning into an aqueous environment, with fertilization occurring externally [28] . As an adaptation to this environment, teleost spermatozoa have retained a simple structure, with a rounded head lacking an acrosome and a collar-like midpiece containing a few mitochondria [29, 30] . Sperm of internal fertilizers, such as mammals, have both an elongated head with acrosome and midpiece [31] [32] [33] . Moreover, mammalian sperm contain as many as 75-100 mitochondria, which can be merged or fused to assemble extensive mitochondrial structures [31] [32] [33] . The data available for teleosts indicate the number of mitochondria only up to 10 per sperm [29, 34, 35] . The limited number of mitochondria in teleost sperm can be irregularly shaped, and single mitochondria can fuse to either build a ringlike structure around the axoneme, or to merge to one single large mitochondrion [29, 36] . The period of sperm motility in externally fertilizing fish is generally short, with time spans of 2 min and less [37, 38] , whereas mammalian sperm are generally both fertile and motile for 1 day and longer [39] . Therefore, we assumed the mtDNA content to be different from that of mammals, reflecting the difference in energy demand, adaptations to the environment, and spermatozoan morphometry of both systems. As a first step toward the description of the mtDNA ratio in teleost zygotes, we quantified the mtDNA of New Zealand chinook salmon (Oncorhynchus tshawhytscha) spermatozoa. We employed Q-PCR and demonstrate the accuracy and high reproducibility of this approach, and further discuss the general applicability of Q-PCR in comparison to blotting methods to quantify mitochondrial genes. A total of 1-5 ml of milt was squeezed manually from 14 males, following standard husbandry procedures [40] . All individuals were semiwild returns (i.e., fish reared at the hatchery, released into the wild, and that had returned for spawning to the hatchery).
MATERIALS AND METHODS

Sperm Samples
Preparation of DNA
Prior to extraction, sperm samples were diluted 1:6 in TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) and cells were disrupted using an ultrasonic probe (VC 750; Sonics, Newtown, CT) at 20 kHz for 1 min. DNA was extracted from 50 ll of disrupted sperm cells using 450 ll of extraction buffer, containing 5% Chelex-100 (Sigma-Aldrich, St. Louis, MO) in TE (pH 8.0) and Proteinase K (Roche, Indianapolis) at a final concentration of 0.4 lg/ll. Samples were incubated using a thermal shaker for 5 h at 558C with shaking intervals of 5 sec at 1400 rpm every 10 min. DNA extracts were not purified, to avoid significant loss of template DNA during the purification process. After incubation, samples were centrifuged, diluted 1:40 in TE (pH 8), and stored at À208C. To exclude the presence of inhibitory factors in DNA extracts, and to control for satisfactory PCR efficiencies, standard curves from 2-fold dilution series of sample DNA were derived.
Quantification of the Mitochondrial Genome, Q-PCR
To quantify the number of mtDNA molecules, we used a 314-bp fragment of the mitochondrial mt-nd1 gene as external standard. The mt-nd1 gene encodes a subunit of the NADH dehydrogenase of respiratory complex I in mitochondria [41] . The fragment was amplified using the forward primer, ND1aF (5 0 -GGTAATTGCGAGAGGCCTAA-3 0 ), and the reverse primer, ND1R1 (5 0 -GTAAGGGCAAGTATGGGTGT-3 0 ). PCR reactions were carried out with 25 ng of total DNA in a 25-ll volume, 10 pmol of each primer, 2 nmol of each deoxynucleotide triphosphate, and 0.5 U of BioTaq (Bioline, London, UK). PCR amplification consisted of 2-min initial denaturation and 30 cycles of denaturation at 948C for 15 sec, annealing at 578C for 20 sec, and elongation at 728C for 20 sec. The PCR product was cloned using pGEM-T Easy PCR cloning kit (Promega, Madison, WI), and the recombinant plasmid was purified using PureLink Quick Plasmid Miniprep kit (Invitrogen, Carlsbad, CA). Clones were analyzed in-house on a capillary ABI3100 Genetic Analyzer (Applied Biosystems Inc., Foster City, CA). The purity of the recombinant plasmid was checked by spectrophotometry using a ND-1000 NanoDrop (NanoDrop Tech., Wilmington, DE), and the absence of residual genomic DNA by gel electrophoresis. The recombinant plasmid was 3329 bp in length (314-bp insert and 3015-bp vector pGEM-T Easy), and 1 lg of DNA was estimated to contain 2.79 3 10 11 molecules. The molecular weight of the external standard was calculated using a conversion tool retrievable from the Practical Molecular Biology Database [42] . Ten-fold serial dilutions with known copy numbers were prepared, ranging from 10 2 to 10 7 copies/ll. DNA solutions were aliquoted and stored at À208C.
Samples were analyzed using an Mx3000P Q-PCR system (Stratagene, Garden Grove, CA) in combination with the Fast Start SYBR Green Master mix (Roche, Indianapolis, IN). Sample and reference DNA were analyzed in 20-ll reaction volumes, containing 13 Fast Start SYBR Green Master mix, 1 ll DNA, and 10 pmol of each primer (ND1aF and ND1R1). Q-PCR amplifications consisted of an initial denaturation for 10 min at 958C, followed by 40 cycles with 20-sec denaturation at 958C, annealing for 20 sec at 578C, and elongation at 728C for 20 sec. The change in SYBR green fluorescence intensity was measured at the end of each extension step. After 40 cycles, a melting curve analysis was performed to screen the reaction for nonspecific amplification. For each experiment, a standard curve was generated using the 10-fold serial dilutions of the recombinant plasmid (10 2 -10 7 copies) to quantify the number of mtDNA molecules in samples investigated. All samples, the external standard, and no template controls were tested in triplicate, and results were analyzed using the software, MxPro, supplied with the instrument.
Although no nuclear-encoded mitochondrial pseudogenes (numts) have, to date, been reported in fish [43, 44] , we performed a BLAST search of the mtnd1 sequence against several salmonid databases to exclude the possible amplification of such genes. BLAST searches were performed against rainbow trout (Oncorhynchus mykiss) in particular (http://web.uvic.ca/cbr/grasp/), and against salmonid databases in general (http://www.salmongenome.no/cgi-bin/ sgp.cgi and http://www.ncbi.nlm.nih.gov/blast/).
Estimation of the Number of Sperm by Quantification of the Single-Copy Gene rag1, Q-PCR
To determine the number of sperm per milliliter milt, we quantified a sequence of the V(D)J recombination activating gene (rag1), a single-copy gene, encoded in the nuclear genome [45] . The insert for the recombinant plasmid was a 166-bp fragment, amplified with the forward primer, RagF (5 0 -AGATGGTGCGA-GAAATGGAG-3 0 ), and the reverse primer, RagR (5 0 -TGAGGATTGGTCCTC-CAAAG-3 0 ), derived from sequence information of rainbow trout (O. mykiss) (National Center for Biotechnology Information [Bethesda, MD]: U15663 [46] ). The actual quantification, however, was carried out using the forward primer, RagF2 (5 0 -TGAGAAGATGGTGCGAGAAA-3 0 ), and the reverse primer, RagR3 (5 0 -CGGGTGACAGAGTGGAGAGT-3 0 ), spanning a sequence of 120 bp. The change of primers to amplify this smaller fragment was made due to low PCR efficiencies (80%-85%, data not shown) obtained with primers RagF/RagR. PCR reactions to produce the insert for the external standard were carried out, as stated above, for the quantification of mtDNA using 100 ng of template DNA per reaction. The fragment was cloned using the GeneJet PCR cloning kit (Fermentas, Hanover, MD), and the recombinant plasmid was 3294 bp in length (166-bp insert and 3128-bp vector pJET1). Purification and quality testing was performed, as described above for mtDNA; 1 lg of DNA was estimated to contain 2.82 3 10 11 molecules [42] . Ten-fold serial dilutions with known copy numbers were prepared, aliquoted, and stored at À208C. Q-PCR experiments were performed and analyzed as described above for the quantification of the mt-nd1 sequence, with a change in annealing temperature to 588C. Again, for all experiments, standard curves were generated using the dilution series of the recombinant plasmid (10 2 -10 7 copies/ll). All samples were measured in triplicate, and results were analyzed using the software MxPro, supplied with the instrument.
The calculation of mtDNAs/ml milt and sperm/ml milt were made with consideration of all dilutions of both the milt sample and the DNA extract. These include dilution steps for cell disruption (63), DNA extraction (103), Q-PCR (403), and calculations per milliliter (10003). The number of mtDNAs per single sperm was then determined by the ratio of mtDNAs/ml milt and the number of rag1 copies/ml milt, taking into account that chinook salmon are tetraploid [47] . This means that single gametes have two sets of chromosomes and, therefore, two copies of rag1. Consequently, two copies of rag1 were assigned to one sperm.
The applicability of the rag1 screen for the estimation of sperm present in our DNA samples was tested against sperm counts using a hemocytometer [48, 248 WOLFF AND GEMMELL 49] . Sperm numbers were estimated five times using both a hemocytometer and Q-PCR, and the mean values of both approaches were compared using the Mann-Whitney test. The use of a hemocytometer is generally well established and highly suitable to conduct sperm counts. However, if a sperm analyzer, such as CASA (Medical Technology Vertriebs GmbH, Altdorf, Germany), is available, the use of such instrumentation would be preferable.
RESULTS
Number of mtDNA Molecules per Sperm
To determine the number of mtDNAs per sperm, we first quantified the mitochondrial gene mt-nd1 in our samples. Amplifications of the 10-fold dilution series of the external standard (Fig. 1A) and the 2-fold dilution series of sample DNA (data not shown) were carried out successfully. The efficiencies were 99.2% (Fig. 1B) and 99.1% (data not shown) for the reference DNA and the sample DNA, respectively. Furthermore, standard curves derived from both dilution series showed highly similar slopes, with À3.341 for the reference DNA (Fig. 1B) and À3.344 for the sample DNA (data not shown). Melting curve analysis demonstrated that Q-PCR experiments resulted in the amplification of one single sequence, and a BLAST search for mitochondrial pseudogenes did not detect any similar sequences other than mitochondrial mt-nd1 sequences (data not shown), excluding the possibility of unspecific amplification. This Q-PCR assay was applied to a total of 14 individuals. The mean number of mtDNAs within the analyzed samples was 2.82Eþ10 6 9.58Eþ08 molecules per ml milt ( Table 1) .
Number of Sperm per Milliliter Milt
After we determined the number of mtDNA molecules present in sperm extracts, we assigned these molecules to the estimated number of sperm. To achieve this, we quantified the single-copy gene, rag1. To confirm the utility of this Q-PCR screen, and to allow for accurate estimates, PCR efficiencies of sample DNA and external standard must reveal high degrees of similarity. To determine the PCR efficiency for sample DNA, a 2-fold dilution series of sample DNA was prepared and investigated. Amplifications efficiencies were 98.8% and 98.5%, slopes À3.352 and À3.358, for the reference DNA and sample DNA, respectively (data not shown). This second screen revealed an average of 1.02Eþ10 6 5.31Eþ08 copies of rag1 per ml milt (Table 1) . Results from sperm counts using either a hemocytometer or Q-PCR were highly similar, and documented differences were not significant (Mann-Whitney test, Table 2 ).
Number of mtDNAs per Sperm
Finally, estimates for the number of mtDNAs per sperm were determined by correcting the number of mtDNA copies/ ml by the number of rag1 copy number/ml (Table 3) . Chinook salmon are tetraploid, so two copies of rag1 were assigned to one sperm. Accordingly, the lowest copy number detected in this study was 2.77 mtDNAs per sperm, and the highest was 9.42 mtDNAs per sperm, with an overall mean of 5.73 6 2.28 molecules per sperm (Table 3) . 
DISCUSSION
This study revealed an average of 5.73 6 2.28 mtDNA copies per sperm among 14 individuals of New Zealand chinook salmon using Q-PCR. The quantification of genes is generally achieved by Q-PCR or blotting methods, such as Southern or Slot blotting. Both methodological approaches have been applied to estimate the mtDNA content of spermatozoa in human and mouse [21, [23] [24] [25] [26] 50] . However, estimates presented in these studies vary significantly with blotting methods, usually documenting estimates that are up to three orders of magnitude higher than those inferred by Q-PCR [21, [23] [24] [25] [26] 50] . Two major concerns have been raised to explain this discrepancy. In the first explanation, it has been suggested that the presence of considerable amounts of genomic DNA in Q-PCR experiments may have an inhibitory effect on the amplification of the target sequence [22] . Inhibition of amplification typically results in less PCR product and, therefore, an underestimation of mtDNA content. However, in the present study, we demonstrate that this effect can be easily avoided by diluting the sample DNA. By creating serial dilutions of sample DNA and performing Q-PCR experiments on these dilutions, the dilution at which the reaction is no longer inhibited can be quickly determined. PCR reactions of external standards and of 2-fold serial dilutions (1:40-1:320) of sample DNA in this study revealed efficiencies of 99.2% vs. 99.1% for mt-nd1 and 98.8% and 98.5% for rag1, respectively. The high degree of similarity in amplification efficiency, therefore, confirmed the absence of any inhibitory influence of nuclear DNA.
The second explanation put forward is that the influence of numts on the quantification of mtDNAs may lead to erroneous results [23] . In the human genome, as many as 300 numts have been detected [51] . These numts often bear a remarkable homology to the original mitochondrial genes, with the majority of numts (78%) differing only by length polymorphisms caused by small deletions or insertions [52, 53] . Considering the low level of difference between numts and genuine mtDNA sequences, it has been suggested that the detection of high numbers of mtDNAs per sperm via blotting methods may result from cross-hybridization of DNA probes to numts [23] . In Q-PCR, this potential error source can be excluded by performing a melting curve analysis. Such analysis reveals the presence of additional PCR products other than the target sequence, based on differences in length and base composition. In our study, we performed such an analysis after each Q-PCR experiment, and could therefore verify the successful amplification of our target sequence and exclude the unintentional amplification of any additional sequences. Moreover, although no numts have been detected in a teleost [43] , we further excluded the possibility that we may be amplifying nuclear copies of our target mt-nd1 sequence by BLASTing this sequence against Genbank and several salmonid databases. No sequences were recovered from these searches other than known mitochondrial mt-nd1 sequences of various salmonid fish.
Considering that potential cross-hybridization with numts cannot be excluded using blotting methods, and that the influence of inhibitory factors on PCR efficiencies can be easily avoided by diluting sample DNA, we suggest that Q-PCR is the favored method for the quantification of spermatozoal mtDNA content. This method also has the advantage of high efficiencies, reproducibility, and low standard deviations. The coefficients of variation, a measure of standard deviation, for the estimation of sperm density in our experiments were 5.02% and 3.27%. Furthermore, a comparison of our Q-PCR screen against sperm counts using a hemocytometer confirmed that Q-PCR is suitable for the determination of sperm densities and, therefore, for the quantification of single genes ( Table 2) .
Applying our Q-PCR assay, we determined the mtDNA content among 14 individual chinook salmon to be, on average, 5.73 6 2.28 mtDNA genomes per sperm. This estimate is similar to those revealed for mice and humans, using a comparable Q-PCR approach [23, 24, 26] . These studies estimated the mtDNA copy number to be approximately 10 for mouse spermatozoa and 1.4 and 6.8 for human spermatozoa, [23, 24, 26] . Considering differences in spermatozoal morphology, mitochondrial complexity, and life traits between the 250 two systems, the similarity in mtDNA content of teleost and mammalian sperm is unexpected [37, 39, 54] . In contrast to teleost spermatozoa, mammalian spermatozoa can be active for several days [39] . We anticipated the difference in energy demand according to the duration of motility of both systems to be reflected in the mtDNA load of single gametes. This assumption is in concordance with the observation that mammalian sperm contain 75-100 mitochondria [33, 55] , whereas teleost sperm merely contain up to 10 mitochondria [29, 34] . Given that each mitochondrion is assumed to contain at least one copy of the mitochondrial genome [56] , the estimated 10 copies of mtDNA per sperm in mouse [26] and 1.4 and 6.8 copies in human [23, 24] appear to be unexpectedly low, whereas the estimated 5.73 6 2.28 mtDNA molecules per teleost sperm, with an observed maximum of 10 mitochondria per sperm, appear to be within our expectations. What remains to be elucidated is how the apparent discrepancy between mtDNA content and number of mitochondria per mammalian sperm can be explained. First, mitochondria have been repeatedly reported to fuse during spermatogenesis to form complex mitochondrial structures, such as the mitochondrial sheath, where single mitochondria can either merge or be fused end to end [57] [58] [59] [60] . Only a limited number of mtDNA molecules are probably required to maintain mitochondrial functionality; thus, it is possible that the overall mtDNA content of merged mitochondria decreases after fusion (or may already have decreased before fusion) through active degradation of mtDNA, with several joint mitochondria sharing the same pool of mtDNA. Second, considering the limited lifespan of spermatozoa, it is arguable whether mtDNA is required at all to maintain mitochondrial functionality during this period of time. Instead, it is conceivable that the presence of stable mtDNA transcripts, which are translated into subunits of the respiratory chain, may be sufficient to allow for mitochondrial functionality until fertilization. Both arguments can potentially serve to explain the low mtDNA in mouse and human, and are in concordance with the evident reduction of mtDNA during spermatogenesis in mammals [61, 62] .
However, contrary to our expectation that we might find a correlation between mtDNA content, energy demand, and mitochondrial complexity, it appears, despite the high divergence between teleosts and mammals, both in terms of life history and evolutionary distance, that the mtDNA content of sperm is conserved within these vertebrate taxa. This may indicate that the reduction of mtDNA during spermatogenesis is key to ensuring mitochondrial functionality on the one hand, and to prohibiting paternal leakage on the other hand. Additional studies across species are desirable to further confirm this hypothesis.
